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Introduction

Localized surface plasmon resonance (LSPR) and Mie theory
Localized surface plasmon resonance (LSPR), one of the unique properties associated with noble metal nanoparticles, has been studied extensively [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . When metal nanoparticles are exposed to light on resonance with their absorption wavelength, a collective oscillation of electrons in the conduction band takes place [13, 14] . This creates a charge separation with respect to the lattice [2, 15] . The confined conduction band electrons in the small particle volume then begin to move in phase with the radiation plane wave excitation, creating a coherent electromagnetic (EM) response which strengthens both the near field energy and the optical extinction associated with the nanoparticle surface [16, 17] . The optical extinction, or maximum intensity of the oscillation frequency, is composed of both scattering (elastic and radiative) and absorption (inelastic and non-radiative) efficiencies [14, 17] . The coherent oscillatory response of a dipole induced noble metal nanoparticle conduction band electrons on resonance with an incident light at a specific frequency is illustrated schematically in Fig. 1 .
The bandwidth, or full width half maximum (FWHM) of the absorption peak is inversely proportional to the coherence time, or period that the oscillating electrons stay in-phase before damping [14, 18, 19] . The effective radiative damping of a dipolar plasmon will be proportional to the nanoparticle volume where smaller nanoparticles will have intrinsic, or thermoelastic, damping as their dominant decay mechanism [9, 20] . For nanoparticles with diameters greater than 50 nm radiative damping will dominate [16, 21] .
Faraday was the first to propose that the brilliant colors observed in gold doped stain glass and colloidal solutions illuminated by visible light were the result of "finely divided" minute particulates of bulk gold [22] . Later, Mie developed the relationship between light and noble metal nanoparticles, which generates the LSPR [23] . Using Maxwell's equations, he modeled the interaction of spherical nanoparticles with a diameter much smaller than that of the resonant incident radiation and determined the scattering of their EM waves in terms of an infinite series of multipolar partial wave contributions [24, 25] . Mie established that under these conditions nanoparticles will experience a spatially constant EM field with a time dependent phase known as the quasistatic limit and that the dipolar mode with polarizability ␣ will dominate the LSPR of a spherical metal nanoparticle [26, 27] . This polarizability can be defined by:
where, ε 0 is the vacuum permittivity, V is the particle volume and ε m is the dielectric constant of the surrounding medium [1] . According to Mie theory, the extinction cross-section for a given nanoparticle can be determined by Eq. (2) and the absorption contribution can be evaluated with Eq. (3): 
where, R is the particle radius, is the wavelength of light, f is the fraction of the core volume, ε m is the dielectric constant of the surrounding medium and ε r and ε i are the real and imaginary components of the complex dielectric constant of the nanoparticle [28, 29] . The scattering contribution can then be calculated by subtracting the absorption coefficient from the total extinction value.
Here the real part of the dielectric constant determines the position of the wavelength while the bandwidth, or time spent dephasing, is determined by the imaginary component [18, [30] [31] [32] [33] . In general, for smaller nanoparticles, <40 nm, the optical extinction is dominated by absorption whereas scattering contributions increase as the diameter of the nanoparticle grows [21, 33, 34 ].
Metal nanostructures
The use of metal nanostructures in many applications including bio-diagnostics, bio-delivery and photothermal therapies depends almost entirely upon their ability to harvest light and generate strong EM fields. Tuning of the LSPR properties can be achieved through synthesis by exploiting differences in nanoparticle size, geometry, surface morphology, aggregation, aspect ratio, and the dielectric constant of the surrounding media [15, 33, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Since each application relies on a specific set of conditions for optimized efficiency, the structural parameters of the nanoparticles employed for use must be tailored accordingly.
In general, overlap between nanoparticle's LSPR and the incident excitation wavelength of light should be maximized to ensure the greatest absorption of light and thereby amplification of EM field. This can be achieved largely through geometric design [2, 16, 17, [46] [47] [48] [49] [50] [51] . While many structures exhibit suitable enhancement of their EM field in response to incident light, their lack of symmetry results in multiple resonances due to non-degenerate electronic transitions [52, 53] . This means for a given light wavelength, not all the LSPR transitions will be excited or on resonance.
For example, nanorods have two resonant peaks, a transverse band and another corresponding to the longitudinal mode of the structure [35, 54, 55] . Aggregates, which are random assemblies of nanoparticles, can have multiple resonances depending on their size and shape, especially when the interaction between particles is strong [18, 53, 56, 57] . This is also true for triangles, stars, cubes and cages [37, 42, 46, 48, 58] .
Nanoshells are another type of metal nanostructures with interesting optical properties useful for various applications [59] [60] [61] [62] [63] . These structures, which are typically made of spherical silica cores surrounded by a layer of noble metal aggregates, have variation in size, shape and surface morphology due to the random nature of aggregation [64, 65] . The polydispersity found within a given ensemble of shells will lead to a broadening of the extinction line width [66] . This results in reduced overlap with incident light and lower efficiency for processes such as photothermal conversion.
Since skin, tissue and blood are most readily penetrated by NIR light, nanoparticles employed in biological applications should have strong absorption in this region [5, 67, 68] . Structures should ideally be spherical with diameters in the range of 20-100 nm [69] [70] [71] [72] . This promotes both optimal cell penetration and bioclearance [70, 71, 73] . Additionally, nanomaterials must be stable to photodegradation, biocompatible and capable of conjugating easily to biomolecules [53, 60, 74] . However, most commonly used structures lack one or more of these requirements, and their use in many bio-applications still needs to be optimized.
One particularly attractive class of nanoparticles is the hollow gold nanosphere (HGN). HGNs are comprised of a hollow, solvent filled dielectric core and a polycrystalline gold shell [66, [75] [76] [77] . Both the core width and shell thickness can be tuned through synthesis to produce a range of overall diameters (20-125 nm) and aspect ratios. As a two-interface system HGNs have enhanced LSPR which is the result of strong coupling in the near-field between the plasmon modes of the inner cavity surface and the outer surface [8, 9, 29, 38] . This coupling leads to the hybridization of the two individual plasmon modes where the plasmons interact electrostatically with one another in the same manner as a coupled harmonic oscillator [8, 9] . The strength of this coupling is proportional to the aspect ratio of the nanoparticle [8] . As the shell becomes thinner and the aspect ratio increases, the interaction between the cavity and the shell plasmons is amplified producing an enhancement of the EM field associated with the HGNs.
HGNs are also biocompatible, stable to photodegradation and can be easily functionalized for use in bio-targeting and biodelivery [53, 60, [78] [79] [80] . These particles also possess large surface to volume (S/V) ratios, tunable plasmon resonance, pinholes that act as hot spots to further intensify EM surface energy and, as hollow structures, are known to be more sensitive to the refractive index of their surroundings than their solid counterparts [15, 66, [81] [82] [83] [84] . Additionally, their scattering and absorption cross-sections can be adjusted through synthesis to maximize efficiency for specific applications, and since the first hyperpolarizabilities (ˇ) of hollow nanoparticles are much larger than those of solid NPs having the same size, HGNs are excellent candidates for any application involving non-linear optics [85, 86] . This review will focus on the current understanding of the plasmonic properties of HGNs and their various emerging applications. The synthetic development of HGNs will also be explored with an emphasis on how differences in synthetic parameters results in nanoparticles with various sizes, aspect ratios, surface morphologies and scattering and absorption efficiencies. Additionally, the expanding use of HGNs in a variety of bio-medical applications including photothermal therapies, drug delivery, imaging and sensing will be described.
Synthesis of hollow gold nanospheres (HGNs)
Amorphous template mediated approaches to synthesis
Early hollow structures were typically made from amorphous materials like ceramics or polymeric substances where the sacrificial core was dissolved out chemically [87] [88] [89] . However, dissolvable template mediated approaches typically produce structures that are larger than 100 nm, making them undesirable for most biological applications where particles should be in the 20-100 nm size regime [72, 74, 80] . Additionally, removal of templates generally involves the introduction of impurities and adds an additional step in the synthetic process which increases both the difficulty of nanoparticle preparation and the time involved for synthesis [90] [91] [92] .
It has been reported that hollow gold nanospheres have been produced in this way [93] [94] [95] . In one case HGNs were synthesized by deposition of gold on to a template that was then exposed to tetrahydrofuran as a chemical leaching agent [94] . In another, a Si template that was functionalized with 3-aminopropyltrimethoxysilane (APTMS) to facilitate gold shell deposition was subjected to hydrofluoric acid (HF) etching in order to generate HGNs [95] . Chah et al. reported the synthesis of both 50 and 100 um gold hollow microspheres from dissolvable ceramic hollow sphere templates [93] .
Galvanic replacement
A less complicated approach for synthesizing hollow structures is galvanic replacement. Galvanic replacement is an electrochemical redox reaction where the oxidation of one metal, the sacrificial template, is generated by contact in solution with another metal having a higher reduction potential [96] [97] [98] [99] . The template being oxidized, possessing the lower reduction potential and higher rate of diffusion, loses electrons and the metal being reduced gains electrons. Oxidation is initiated on the crystal lattice plane of the sacrificial template exhibiting the highest surface energy [84, [100] [101] [102] . Small pinholes, or Kirkendall voids, are formed as a result of this oxidation [103, 104] . It is the diffusion of the template through an increasing number of voids that generates the hollow structure [105] .
In the mid 20th century, Kirkendall established, in an alloying reaction, using copper and zinc in brass, that atomic diffusion between an interacting atomic pair occurs not through the direct interchange of atoms, but by vacancy exchange generated by the oxidation of one metal [105] . Simple steady state diffusion governed by Fick's first law and the Gibbs-Thomson effect, which states that diffusion is driven by differences in the chemical potential and equilibrium concentrations of interacting atoms, govern the thermodynamics of the reaction [97, 104, 106, 107] .
Recently Goris et al. used high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) tomography to investigate pinhole formation during a galvanic replacement reaction between Ag nanocubes and chloroauric acid (HAuCl 4 ) [102] . As gold salt was added to the Ag nanocubes, circular holes appeared on the highest energy [111] plane. Previously Wu et al. used TEM to demonstrate the formation of pinholes on the surface of Ag nanocubes involved in a galvanic replacement reaction with HAuCl 4 and two of these images can be seen in Fig. 2 [84] . However, Gori's work was the first experimental evidence that pinholes are initiated on only one facet of the crystal lattice and that the reduced metal in a galvanic replacement reaction is deposited first around these pinholes [102] .
Tuning the LSPR of HGNs
The first HGNs produced through galvanic replacement were synthesized by Xia et al. [108] . In this work, the authors utilized the fact that the reduction potential of the AuCl − 4 /Au pair is greater than that of the Ag + /Ag and that silver suspended in solution can be readily oxidized by HAuCl 4 to produce a hollow gold nanostructure. The resultant HGNs had a 50 nm diameter, a 6.6 nm shell, an SPR of 634 nm and a full width half maximum (FWHM) of 227 nm [108] .
In 2005 Liang et al. also used galvanic replacement to produce HGNs, but instead of using silver as a sacrificial template, used cobalt (Co 2+ /Co 0 −0.377 V vs. SHE) and gold (AuCl 4 /Au 0 0.935 V vs. SHE) as the redox pair [75] . In this case the facet energies of the hexagonal close packed (HCP) structure of the cobalt template are known to increase 0001 < 10-10 < 10-11 < 11-20 < 10-12 < 11-21 with respective energies of 131, 140, 149, 155, 156, 163 (meV/Å 2 ) [109] . This means that the oxidation and generation of Kirkendall voids were initiated on the [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] plane of the cobalt lattice.
By varying the stoichiometric ratio of HAuCl 4 to cobalt, Liang et al. was able to red shift the LSPR of the HGNs from ∼520 nm, where solid gold absorbs, to ∼628 nm [75] . The key to controlling the nucleation and growth of the cobalt template was through the use of excess reducing agent (sodium borohydride), which had been previously reported by Lisiecki et al. [110] . The red shift in absorption was attributed to differences in shell thickness which were controlled by the addition of varying stoichiometric ratios of gold to cobalt with smaller additions of gold resulting in thinner shells with enhanced absorption at longer wavelengths [75] .
Tuning LSPR to the NIR
Expanding on the work of Liang et al., Schwartzberg et al. used the same redox pair [cobalt and gold] to tune the LSPR of HGNs across the entire visible spectrum and out to the NIR [66] . It was recognized that control of the cobalt sacrificial template diameter was the key to producing larger HGNs with red shifted absorptions. This could be achieved by varying the stoichiometric ratio of the CoCl 2 precursor and capping agent as described by Kobayashi et al. who reported that as the concentration of the capping agent was reduced, the size of the cobalt nanoparticle diameter increased [111] . Since the concentration of capping agent not only stabilizes the cobalt nanoparticle seed-mediated growth but also affects the number of nucleation sites generated post-reduction, lower concentrations of capping agent lead to a smaller number of larger seed nuclei being formed [112] . This resulted in cobalt nanoparticles, and therefore HGNs, with larger diameters [66] .
The kinetics related to the addition of the borohydride reducing agent was also investigated [66] . In order to obtain monodispersed particles, it is necessary to increase the nucleation rate so that after the initial nucleation burst no more seeds are formed [113] . When the reduction kinetics were slowed, seeds that formed initially had more time to grow, while those seeds formed later had less time to grow [66] . This resulted in an undesirable polydisperse population. In contrast, increasing the rate at which the reducing agent was added to the reaction precursors resulted in an even reduction of the Co salt and an equal growth period for all the seeds [66] . This enhanced the homogeneity of the size distribution of the ensemble.
The HGN synthetic reaction proceeds according to the following proposed mechanism: [75, 114] 
In the first step, a Co 2 B species is formed following the reduction of the CoCl 2 salt by NaBH 4 . In the absence of oxygen, only this species is formed [114] . However, in the presence of oxygen, the boron atom is oxidized to B 2 O 3 as the cobalt atom is reduced to elemental Co (step 2) [114] . In the process of reduction, the NaBH 4 overcomes an energy barrier through supersaturation and creates a nucleation burst of cobalt seeds [115] . Then through diffusional capture of atoms in solution, seeds coalesce in to primary clusters that then aggregate to form larger spherical particles [115] .
In general, particle growth kinetics are governed by differences in chemical equilibrium at the solid-liquid interface, the total free energy of the nanoparticle (sum of surface free energy and bulk free energy) and by the concentration of reagents available to the growing particle [113, 116, 117] . In the case of HGNs, there needs to be some oxygen to facilitate the reduction of cobalt salt and growth of cobalt nanoparticles, but if too much oxygen is present the cobalt will oxidize to form cobalt oxide [114] . Once the cobalt template has reached a fixed diameter, galvanic replacement (step 3) is initiated. In this step elemental cobalt is oxidized back to a salt and the HAuCl 4 species is reduced to a polycrystalline shell [66, 75] .
The LSPR of the HGNs can be tuned by changing the aspect ratio, or the ratio between the core and shell diameter. As the aspect ratio increases, the HGNs will absorb longer wavelengths of light [66, 83, 118, 119] . For a fixed core diameter, decreasing the volume of the gold salt delivered produces a thinner shell and red-shifted absorption whereas a constant shell thickness and a decreasing core diameter produce blue-shifted SPR [66, 83, 120, 121] . Fig. 3 shows the UV-vis absorption spectra of nine HGN samples with varying diameters and shell thicknesses. As the ratio of the core diameter to the shell thickness increases the extinction peak red-shifts [66] . by altering the temperature during the cobalt reduction step, control could be gained over the final template diameter which alters the optical extinction of the resulting HGN. It has been reported previously that HGNs synthesized by an alternative synthetic method have absorption wavelengths that blue shift as the reaction temperature is increased [122] . Pu and Song also observed this trend (Pu and Song et al., unpublished).
In their work, Pu et al. found that as the reaction temperature was raised in ten degree increments from 10 • C to 80 • C, the overall diameter of the HGN decreased from 150 nm to 30 nm and the SPR was blue-shifted from 855 nm to 565 nm (Pu and Song et al., unpublished) Fig. 4 is a photograph of HGNs synthesized at various temperatures. Lower temperatures produce larger HGNs that scatter more light and appear blue or green, while higher temperatures produce HGNs that appear purple or red. It was determined that temperature was directly proportional to the size of the cobalt sacrificial template produced, with higher temperatures producing smaller Co core (Pu and Song et al., unpublished) This is believed to be the result of the thermodynamic influence on nucleation which is controlled in part through the increase in surface free energy associated with the increase in reaction temperature [123, 124] .
Optimizing reproducibility of NIR absorbing HGNs
The ability to tune the SPR of HGNs was significant and allowed for their use in a variety of applications like photothermal ablation therapy (PTA), surface enhanced Raman scattering (SERS) and imaging that require nanoparticles with specific colors, sizes and absorptions wavelengths. However, the ability to generate NIR absorbing HGNs for biological applications including photothermal therapies still needed to be improved.
NIR reproducibility using poly (vinylpyrrolidone) (PVP)
The first to address enhancing HGN reproducibility in the NIR was Preciado-Flores et al. who employed the integration of poly (vinylpyrrolidone) (PVP) during the reduction step to generate large cobalt core diameters with thin Au shells [76] . PVP has been shown to coordinate effectively with cobalt and is an excellent colloidal NP stabilizing agent [125, 126] . The growth of red-shifted HGNs was achieved through the carbonylinduced stabilization of the cobalt NPs by the PVP [76] . This strong interaction was determined to be the key in slowing down Au nucleation which resulted in thinner shell diameters, increased aspect ratio and redder wavelengths of absorption [76] .
However, the addition of PVP produced variation in both the core diameter and shell thickness. Additionally, shells had spikey, star-shaped morphologies believed to result from a lack of porosity caused by the presence of PVP, which prevents efficient diffusion [76] . It was also observed that the addition of PVP lead to organized backbone-like structures in which the gold shell formed preferentially along the traverse axis of the particle chain due to the dense solvating shell of the polymer [76] .
These structures showed broadening of the total extinction indicative of a polydispersed ensemble [56] . While these morphologies and extended spatial arrangements may benefit an application like SERS, where aggregation and particle alignment generate hot spots which enhance scattering, a more monodispersed population is desired for applications like photothermal therapies that require enhanced resonance with incident laser light for greater efficiency of heat generation and transfer [127] .
Currently, the Zhang Lab is investigating how surface morphology affects the performance of HGNs. Through pH control during galvanic replacement, it has been found that the surface morphology of the gold shell can be altered from smooth to studded to anemone-like in a systematic manner. The absorption and scattering ratios, coherent vibrational oscillations after photoexcitation, and the relation to heat generation are currently being assessed. 
Non-polymer NIR reproducibility
Another effort focused on improving the synthetic reproducibility of NIR absorbing HGNs has been reported [77] . In this work an emphasis was placed on not only gaining control of the cobalt NP growth in order to maximize the size of the template but also on separating the nucleation and growth phases of the growing Co NPs. This was achieved by optimizing reagent concentrations, and evaluating the kinetics of the cobalt nanoparticle growth [77] .
In order to obtain large, monodispersed particles, it is necessary to increase the rate of nucleation so that after the initial seed burst no additional nuclei are formed [116, 117] . This ensures an early saturation point is achieved and precursors will only deposit on existing nuclei [113] . It was found that the addition of citric acid, which acts as a scavenging agent for excess borohydride, shortened the hydrolysis time leading to a uniform growth period for the evenly reduced cobalt seeds [77] .
It is known that cobalt NPs are highly sensitive to oxidation and that prevention of oxidation leads to nanoparticles which are more uniform in size and surface morphology [114, 128, 129] . For this reason a time course study to determine the optimal incubation period between the reduction step and galvanic replacement step was used to determine if the reaction time could be shortened to prevent potential Co oxidation [77] .
Previous reports allowed the cobalt NPs to grow for 45-60 min [66, 76] . However, cobalt NPs that were allowed to grow this long succumbed to oxidation and suffered degradation of their surfaces [77] . This produced significant broadening of the absorption fullwidth-half-maximum (FWHM) indicative of diversity within the ensemble. Stopping the cobalt growth at 10 min produced the narrowest NIR extinction bandwidth and the most monodispersed ensemble [77] .
Overall, this synthetic optimization allowed highly reproducible, uniform, NIR absorbing HGNs to be generated without the use of polymers [77] . Furthermore, the reaction time was reduced significantly from ∼2.5 h to ∼25 min. Fig. 5 shows electron microscopy images of HGNs synthesized with and without polymers. It can be seen that HGNs synthesized with PVP produce spikey, uneven surface morphologies and align themselves in chain-like formations while HGNs prepared without the addition of polymers are more uniform in size and exhibit smooth surface morphologies [77] .
Energy conversion, heat generation, and energy transfer
The ability of a nanoparticle to generate and transfer sufficient heat is critical in applications where temperature is either applied to trigger drug release, facilitate gene silencing or generate hyperthermia in the treatment of cancer. In order to fully understand and optimize the plasmonic response of a nanoparticle, electron dynamics must be studied. Femtosecond time resolved transient absorption laser spectroscopy is frequently employed to evaluate how differences in aspect ratio, size, shell thickness, aggregation, and the dielectric constant of the surrounding medium influence energetic conversion and transfer [16, 31, 35, [130] [131] [132] [133] [134] [135] [136] [137] [138] . However, due to the complex interplay of parameters, optimizing a structure for SPR absorption in the NIR is not the same as optimizing a nanoparticle for maximal generation and transfer of heat.
Conversion of externally applied light into thermal energy and the transfer of heat from irradiated noble metal nanoparticles to their surroundings occurs through a multi-step process. Following excitation, electronic relaxation is initiated through electron-electron scattering which occurs within a few hundred femtoseconds [18, 134, 139] . This is followed by the transfer of the thermalized hot electron gas to the nanoparticle lattice (electron-phonon coupling) where a quasi-equilibrium state is reached in ∼1 ps [9, 35, [140] [141] [142] [143] . The energy exchange between the hot electrons and phonons results in hot phonons and can be described by the two-temperature model which is used to determine the electron-phonon coupling constant g [144] [145] [146] . The final step involves relaxation of phonons on the time scale of hundreds of ps, which leads to energy transfer to the surroundings (phonon-phonon interactions) like a solid matrix or solvent molecules [2, 57, 134, [145] [146] [147] [148] [149] [150] .
Electron dynamics
Knappenberger et al. found the electron-electron scattering lifetimes for 48 nm HGNs with 7 nm shells (150 ± 70 fs) were shorter than those of aggregated HGNs (300 ± 50 fs) [134] . A blue-shifted absorption for HGN aggregates was also observed. This can be seen in Fig. 6 and is attributed to electron "spill-out" or confinement in the nanoclusters and the delocalization of electrons over multiple particles [134] . Additionally, Fig. 6 shows the femtosecond transient absorption spectra of both, HGNs and HGN aggregates. The aggregated sample has two negative amplitudes, one corresponding to the 605 nm HGN differential SPR and a second at 550 nm corresponding to a new resonance resulting from particle-particle interactions within the aggregate [134] .
In this work the authors also determined the electron-phonon coupling rates for isolated HGNs and solid Au NPs [134] . They found the electron-phonon coupling rate for isolated HGNs to be faster (0.59 ± 0.08 ps) than that of 50 nm solid Au NPs (1.08 ± 0.08 ps). The corresponding g values were calculated for HGN aggregates (6.6 × 10 16 W m −3 k −1 ) and solid Au spheres (2.7 × 10 16 W m −3 k −1 ) using the two-temperature model [134] . The larger electron-phonon coupling constant observed for the HGN aggregates is correlated to rapid electron cooling and greater lattice heating efficiency [136, 151] . Faster electronic relaxation is attributed to greater electron-phonon coupling [141] . The transfer of energy between hot electrons and the nanoparticles can be observed as coherent vibrational oscillations which are indicative of the breathing modes of the nanoparticle lattice [57, 152, 153] . The amplitude of the coherent oscillations of HGNs can be correlated to aspect ratio since amplitude is inversely proportional to the electron-phonon coupling constant g [153, 154] . When Dowgiallo et al. investigated HGNs with aspect ratios of 0.38 and 0.75 using femtosecond laser spectroscopy it was found that the lower aspect HGNs had a modulated signal intensity that was only 65% of the amplitude observed for the higher aspect ratio HGNs [155] . These aspect ratios correlated to coupling constants of ∼3 × 10 16 and ∼7 × 10 16 W m −3 k −1 , respectively. Additionally, the higher aspect ratio HGNs exhibited a decrease in oscillation frequency which was in agreement with a previous report describing a linear decrease of the oscillation frequency for increasing aspect ratio [156] . Fig. 7 shows the Fourier transformation of transient absorption time-domain data for five separate HGN samples with aspect ratios ranging from 0.38-0.75 and particle diameters spanning 10-40 nm [155] .
The other interesting result observed by Dowgiallo et al. was that two types of coherent acoustic vibrations could be observed for HGNs depending on their overall diameter and aspect ratio [155] . Low aspect ratio HGNs were observed to have Fourier transformed transient bleach recovery intensity periodic frequencies that were sinusoidal in nature [155] . This is attributed to a direct launching mechanism previously observed in solid Au nanoparticles, which also have sinusoidal frequencies, and is believed to be the result of deformation caused by the incident laser pulse [132, 154] . High aspect ratio HGNs had a phase shift and required a cosine function to fit the data indicative of excitation via an indirect mechanism [132, 153] . It was also determined that high aspect ratio HGNs have slower vibrations than low aspect ratio HGNs due to polycrystallinity of the shell lattice and efficient cooling processes and that there is an inversely proportional linear relationship between vibrational frequency and aspect ratio [155] .
Ultrafast pump-probe laser spectroscopy has also been used to evaluate the coherent vibrational oscillations of HGNs with average core diameters between 16.4 and 18.8 nm with shell thicknesses between 3.4 and 4.7 nm [136] . All HGNs in the study were found to have heavily damped radial breathing mode oscillations with periods ranging from 28 to 33 ps. Theoretical calculations were used to determine how shell thickness and particle radius impacted the fundamental breathing mode of HGNs. For an HGN with a constant overall radius of 8.9 nm and a shell thickness that increased from 1-7 nm, T osc decreased from 13.6 to 6.6 ps [136] . In the case of the HGN with the 7 nm shell, T osc is nearly identical to the experimental T osc of ∼5.8 ps reported for a solid Au NP with an overall diameter of 8.9 nm [157] . This is attributed to the very low aspect ratio of the HGN [136, 158] . When the shell thickness was kept constant and the overall diameter increased (6.2-12.2 nm) T osc (5.5-16.0 ps) was found to increase linearly with increasing diameter [136] . The increase in the oscillation period associated with higher aspect ratio HGNs was attributed to the hollow cavity and a softening of the isotopic vibrations associated with the polycrystalline lattice of the shell [136, 156] .
The influence of laser mode and power
Another parameter involved in heat generation is the power of the operating laser as well as whether the laser is run in continuous wave (CW) or pulsed wave (PW) mode when interacting with nanoparticles [150, [159] [160] [161] [162] [163] . While there is still some debate as to which mode is best, pulsed mode is generally considered more efficient than continuous mode for heating nanoparticles in photothermal applications [150, [164] [165] [166] [167] [168] . It has been reported that additional time for electron-phonon relaxation is created between lapses in pulses, which leads to better heat generation [167] . This is attributed to competition between the cooling of the lattice and the rate of the nanoparticle absorption of light [169] . In contrast, the application of a CW laser is believed to dissipate absorbed energy into its environment as the temperature of the nanoparticle increases due a relatively stable thermal relationship between the nanoparticles and solvent [99, 164, 165] .
Prevo et al. investigated the effect of a femtosecond laser on hollow gold spheres of different sizes [170] . Previous work studying the effect of pulsed laser on nanoparticles showed that exposure to irradiation resulted in fragmentation of particles and the generation of new extinction peaks associated with the new population [161, 169, [171] [172] [173] . In this work, particles with diameters ranging from 20 to 50 nm with SPRs ranging from 550 to 750 nm were subjected to NIR pulsed light for 10 min at two different powers (350 and 700 J) [170] . For the higher power, regardless of size, all nanoparticles sintered and annealed in to solid spheres, producing a shift in their initial extinction peak to one that fell between 500-550 nm [170] . For the lower power, the hollow spheres broke in to asymmetric incomplete shells, oblate spheroids, rods and branched structures. These spheres also saw the loss of their initial absorption peak and the creation of a new peak at bluer wavelengths [170] . This determination of power dependence with respect to fragmentation is important when considering an application like drug delivery where it is necessary to induce the release of material from the inner cavity of the HGN through collapse of the external structure [174, 175] .
The effect of pulsed and CW mode laser on the spectral hole burning of HGNs has also been investigated [176] . Femtosecond pulsed laser at 810 nm and a repetition rate of 752 Hz was used to evaluate the impact on both the plasmonics and structural integrity of HGNs by varying the laser power using neutral density (ND) filters [176] . After exposure to three different powers, the NIR SPR associated with the sample before laser exposure decreased and additional peaks appeared [176] . Each power resulted in a distinct spectrum. In the case of the lowest power (ND 0.5) the initial peak at 810 nm was reduced slightly while a small peak at 672 nm grew. At the highest power (ND 0.1), the peak at 810 nm was reduced almost completely and two additional peaks were observed at 640 nm and 520 nm [176] . The growth of new peaks is attributed to the generation of both smaller HGNs and solid Au NPs created by HGN fragmentation. [177] .
In contrast, when a CW mode laser was applied to the sample there was neither change in the intensity of the 810 nm absorption peak nor any additional peaks generated [176] . This indicates that the structural integrity of the HGNs was not altered as a result of laser exposure. Fig. 8 shows UV-vis data associated with HGNs following exposure to both pulsed and continuous mode lasers. It is clear to see that samples irradiated with pulsed light had their initial NIR absorbing peaks diminish as new blue-shifted peaks grew while HGNs irradiated with a continuous mode laser maintained their original NIR extinction peak [176] .
The relationship between laser pump power, aspect ratio, the coupling constant g and hot electron relaxation lifetime has been investigated for HGNs [149] . Electron-phonon coupling efficiency can be described in part by the coupling constant g and is known to increase linearly with increasing S/V ratio [148, 149, [178] [179] [180] [181] [182] .
Dowgiallo et al. found a linear relationship between increasing aspect ratio and the coupling constant g for HGNs [149] . It has been reported that low aspect ratio nanoparticles have g values comparable to their solid counterparts while high aspect ratio ones have enhanced g values [14, 85, 140, 152, 182] . In this work, as the aspect ratio increased from 3.5 to 9.5, the g value increased from 1.67 × 10 16 ± 0.22 to 3.33 ± 0.45 × 10 16 W m −3 k −1 , while solid NPs maintained an average g of 1.90 ± 0.20 × 10 16 W m −3 k −1 over a range of diameters (20, 40 , and 80 nm) [149] . As aspect ratio increased electronic relaxation time decreased, which was attributed to the large S/V area and enhanced electron-lattice interactions due to spatial confinement effects [36, 149] . The relationship between aspect ratio, g and lifetime can be seen in Table 1 . Additionally, Dowgiallo et al. found that as laser pump power increased from 200 to 800 nJ per pulse, that hot electron relaxation times increased [149] . Fig. 9 shows bleach recovery kinetics for one HGN sample at seven different laser pulse intensities.
Harris et al. used variation in laser radiation to determine which size and aspect ratio for an HGN would produce the maximum surface heat flux and energy transfer between the particle lattice and its surroundings [183] . The computer program BHCOAT was used to model absorption efficiency and heat flux [184] . In this work, two scenarios were investigated: irradiation by sunlight at 800 W/m 2 and irradiation by a monochromatic laser source of 50 kW/m 2 [183] . For laser illumination the optimum absorption efficiency of Q abs ∼19 occurred for an HGN having an outer radius of ∼50 nm and an aspect ratio of 0.90. This corresponded to a maximum surface heat flux of 245 kW/m 2 . In contrast a solid Au sphere with the same diameter had peak absorption efficiency almost a factor of 5 smaller (Q abs ∼4) and maximum surface heat flux of 50 kW/m 2 . Under simulated sunlight the maximum surface heat flux of 175 W/m 2 occurred for an HGN with an outer diameter of 80 nm and an aspect ratio of 0.80, whereas a solid sphere with a diameter of 110 nm gave a surface heat flux of 150 W/m 2 .
Photothermal therapies
Photothermal ablation (PTA) therapy
Photothermal ablation (PTA) is an attractive alternative to chemotherapy and invasive surgery for treating a variety of cancers and a number of excellent reviews have been published on the topic [5, 53, 119, 167, [185] [186] [187] [188] [189] [190] . Briefly, noble metal nanoparticles, exhibiting NIR absorption in the appropriate size regime (20-100 nm) for biological applications, are modified with either an antibody or ligand specific to an antigen or receptor, on the surface of a tumor cell [38, 53, 190] . NIR absorbing particles are preferred since it is well known that blood and tissue are most readily penetrated by light in this wavelength region [191] [192] [193] . The bioconjugated nanoparticles are then introduced, either in vitro or in vivo, and allowed to incubate or circulate and bind to the tumor site.
Light on resonance with the absorption of the nanostructures is then used for excitation. Following excitation, electrons relax via electron-electron, electron-phonon, and phonon-phonon interactions [9, 36, 172, 194] . During this process, most of the energy is converted to thermal energy [2, 152] . Stronger light absorption leads to more heat generation.
Heat transfer from the nanoparticle to its surroundings, known as the photothermal effect, increases the local cell temperature which must reach a minimum of ∼40 • C for apoptosis to occur [189, [195] [196] [197] . Hyperthermia arises from a number of mechanisms, including cavitation effects caused by microbubble formation, disruption of cell membranes and denaturation of proteins [198] [199] [200] . This process is a highly localized phenomenon and confined to only those regions specifically targeted by bioconjugated metal NPs [201] [202] [203] .
Appropriate penetration of light through tissue must also be achieved in order to facilitate heat generation and cell death. Typically penetration in the range of 1-20 mm is sufficient for the ablation of cancer cells that are near the surface of the skin [160, 191, 193, 204] . However, it has been reported that depths of 50-80 mm have been achieved [186, 205] . Fig. 10 depicts the PTA process described above.
An early demonstration of photothermal therapy was reported by Halas et al. [160] . Using nanoshells with a 110 nm silica core diameter and a 10 nm Au shell, the authors reported significant reduction of human breast carcinoma epithelial cells (SK-Br-3) both in vitro and in a mouse model. Since then there have been many accounts of laser initiated hyperthermia using a variety of nanoparticles with solid Au spheres, cubes, stars, shells and rods all demonstrating successful results in photothermal applications [119, 167, 189, 197, [206] [207] [208] [209] [210] [211] [212] .
However, as discussed previously, many of these structures suffer from inherent deficiencies if maximum efficiency is to be achieved. In general, solid structures have higher scattering efficiencies than hollow ones which means that there is less energy available to convert into heat in photothermal applications [15, 29, 158, 213, 214] . For example, it has been reported that silica-gold core-shell nanoparticles (150 nm diameter) had total extinctions that are comprised of only 15% absorption efficiency [215] . Shells also have broadened spectral line widths due to variation in size and shape within an ensemble and are considered cytotoxic due to the polymer core [190, 216] . Rods, cubes, stars and aggregates, as noted earlier, will have reduced overlap with incident light because they have two or more resonances [18, 35, 48, 55] . They are also synthesized with CTAB and other surfactants that are known to be cytotoxic [104, 217, 218] . Additionally, nanorods are known to be less effective at cell penetration and have significantly longer clearance times in vivo than spherical NPs [69,70,219,220]. 
PTA with HGNs
There has been an increasing interest in using HGNs in PTA applications [72, 78] . In addition to their small size, spherical shape, biocompatibility, and lack of susceptibility to photobleaching, their extinction peaks can be easily tuned to the NIR [60, 78, 79, 221] . Additionally, the enhanced near field energy associated with their surface plasmon resonance and thin shells, which produce high absorption cross-sections, makes them ideal nanostructures for PTA.
The Zhang Lab is currently investigating how size affects both the performance of HGNs as a photothermal coupling agent and the performance of HGNs in nanoparticle-mediated PTA of oral squamous cell carcinoma. Lindley's experiments are being performed using HGNs of different diameters with constant SPR (∼800 nm to be compatible with the NIR window). Control of the cobalt scaffold size and gold shell deposition is also being investigated (Lindley, unpublished).
The first demonstration of HGN viability in PTA was reported in 2008 by Melancon et al. [78] . In this work, the authors have attached monoclonal antibody epidermal growth factor receptor (EGFR) to 30 nm HAuNS in order to target the A431 oral cancer cell line both in vitro and in vivo. Selective uptake of the bioconjugated NPs by the tumor cells was demonstrated by imaging scattered light from the HAuNS. Ablation experiments were performed using a diode laser centered at 808 nm with 40 W/cm 2 of power for 5 min [78] . Cells treated with anti-EGFR-HAuNS plus laser selectively destroyed tumor cells, while those exposed to anti-EGFR-HAuNS alone, laser alone, or IgG-HAuNS plus laser did not. Heat generation was also evaluated and after 4 min of irradiation cells were shown to have temperature changes ranging from 9.8 to 16.5 • C [78] .
In 2009, Lu et al. reported the successful HGN mediated ablation of melanoma in vivo using a mouse model [72] . Here, NIR absorbing HGNs with an average outer diameter of ∼43.5 nm and a shell thickness of 3-4 nm were stabilized with polyethylene glycol (PEG) and attached to an ∝-melanocyte-stimulating hormone (MSH) analog, [Nle4,D-Phe7]a-MSH (NDP-MSH), targeting the melanocortin type-1 receptor over-expressed in melanoma. PEG has shown to be the most effective capping agent for HGNs, stabilizing the nanoparticles against aggregation, caused by both increased salt concentration (up to 5 M) and changes in pH [222, 223] . The intracellular uptake of bioconjugated HGNs was confirmed by both excised tissue and by (18F)-fluorodeoxyglucose positron emission tomography [72] . The mechanism of cellular uptake was later determined to be, by the same author, initiated by agonist receptor binding followed by transcellular transport by tumor vessels, of the NDP-MSH-conjugated PEGylated HAuNS (NDP-MSH-PEG-HAuNS).
NIR laser ablation was performed using an 808 nm laser with output energy of 32 W/cm 2 for 3 min [72] . Cancer bearing mice treated with (NDP-MSH-PEG-HAuNs) plus laser saw a 66% necrotization of their tumors compared to mice treated with either PEG-HAuNS plus laser or saline which showed negligible cell death [72] . Fig. 11 shows (18F)-fluorodeoxyglucose positron emission tomography (PET) of nude tumor bearing mice pre and post-laser treatment with conjugated HGNs used in this study.
Multi-modal treatments
While PTA has proven to be an effective method of eradicating cancer cells both in vitro and in vivo, its application remains limited by the fact that the diffusion of heat through tissue at increasing depths of penetration is not uniform [198, 208, 224] . This means that some portions of the tumor cells will reach an appropriate temperature to induce apoptosis and some will not. This is particularly true for tumors peripheral to large blood vessels which facilitate rapid dissipation of heat through the circulation of blood [206, 225, 226] . In order to improve efficiency, many researchers have combined PTA with drug delivery to enhance the destruction of cancer cells during treatment.
Traditionally drugs in photothermal therapies are delivered via polymeric structures or liposomes [99, [227] [228] [229] [230] [231] [232] . However, these delivery agents are hindered by several factors. Polymers are cytotoxic and degrade in vivo, promoting immunogenic reactions, and liposomes are prone to leakage which results in decreased efficiency of biomolecule delivery [231, [233] [234] [235] [236] [237] .
HGNs are playing a larger role in multi-modal therapies due to the combination of their unique optical properties, appropriate size regime, ease of bioconjugation and increased success rate of crossing tumor vessel walls [70, 72, 74] . Their hollow cavities are convenient for loading and delivering drugs and biomolecules in vivo. Since they are comprised of gold, they are also stable against photobleaching and their thin shells lead to enhanced absorption efficiencies.
Cancer drug delivery plus PTA
In 2010, You et al. reported that the use of hollow gold nanostructures showed a 3.5-4.0 fold increase in the payload of doxorubicin (DOX) when compared to solid Au nanoparticles of the same size [224] . In this work, MDA-MB-231 breast cancer cells were targeted by polyethylene glycol (PEG) stabilized 40 nm NIR absorbing HGNs loaded with ∼1.7 g DOX/g Au (∼63% by weight). Tumor bound HGNs were then subjected to NIR laser illumination with a power output of 4.0 W/cm 2 for 5 min, 1-h post-injection [224] . Cell cultures were used to quantify the in vitro release of the drug post-laser and maximal DOX release (16.7%) was observed for pH 5.0. It can be seen in Fig. 12 that the cumulative release of DOX@HAuNS was significantly higher than for that of DOX@AuNPs following exposure to NIR laser [224] .
In a related study, the pharmacokinetics and biodistribution of DOX loaded NP3 conjugated NIR absorbing HAuNs targeting both human MDA-MB-231 breast cancer and A2780 ovarian cancer were evaluated in vitro and in vivo using dual isotope radio labeling [80] . Following incubation, the bioconjugated and cell bound HGNs were exposed to NIR laser with 32 W/cm 2 power output for 5 min. Release of DOX was monitored by 64 Cu radiolabeling. In evaluating post-treatment for cytotoxicity, mice treated with free DOX suffered the greatest toxicity, with 3/5 subjects dying during the course of treatment from vacuolar cardiomyopathy. In contrast, mice that were treated with DOX delivered via HAuNS had similar histopathologic features in their hearts as those treated with saline [80] .
In an extension of this work, DOX@HAuNS were used to target EphB4, a member of the Eph family of receptor tyrosine kinases [238] . EphB4 is over-expressed in the cell membranes and angiogenic blood vessels of multiple cancers including prostate, colon and bladder. The majority of mice (6/8) treated with targeting DOX@HAuNS (T-DOX@HAuNS) plus NIR laser treatment showed cancer which regressed completely 22 days post treatment [238] . Tumor temperatures were measured 5 min post-laser irradiation at 3 W/cm 2 for 5 min and found to be ∼53 • C. In contrast, mice treated with nontargeted DOX@HAuNS plus laser, HAuNS plus laser or saline all showed viable tumor activity several weeks after treatment.
In 2012, Gupta et al. used biodegradable microspheres (MS) containing hollow gold spheres (HAuS) and paclitaxel (PTX) [MS-HAuNS-PTX] to determine if drug delivery by targeting HGNs carrying PTX could be used in conjunction with NIR laser irradiation (MS-HAuNS-PTX-plus-NIR) to enhance the efficiency of cell death in a rabbit model with hepatic cancer [239] . These results were compared to those of rabbits treated with bioconjugated HGNs without PTX plus laser (MS-HAuNS-plus-NIR). The authors observed significantly greater tumor necrosis for animals receiving MS-HAuNS-PTX-plus-NIR (44.9% ± 15.4%) than for MSHAuNS-plus-NIR (13.8% ± 6.9%).
Laser experiments were performed using 1.5 W of power for 1, 3, and 5 min [239] . At each interval of time, temperature changes were observed at the border of the lesion and at the tip of the laser fiber [239] . The laser fiber showed changes in temperature of 8.6 • C at 1 min, 12.4 • C at 3 min, and 13.9 • C at 5 min. Temperature changes around the lesion were reported as 2.3 • C, 8.5 C, and 2.6 • C at the 1, 3, and 5 min time points.
Photothermal transfection
Photothermal transfection, or down-regulation, is a widely used method of delivering molecules which interfere with the expression of undesired genes that cause replication of disease particularly in cells where there is tumor formation [240] [241] [242] [243] [244] . The technique employs a NIR light trigger to facilitate site specific silencing through biomolecule delivery and the conversion of electronic energy to heat [245] [246] [247] . Nanocarriers typically target proteins, peptides, nucleic acids, DNA, and RNA [71, 241, [248] [249] [250] [251] [252] [253] . Polymeric structures and liposomes are usually employed as carriers, however, as stated above; polymers are large and cytotoxic and liposomes prone to leakage [254] [255] [256] .
As a result, researchers have been investigating alternatives and HGNs are beginning to gain some attention in the field [79, 177, 257] . For example, Braun et al utilized a 40 nm diameter hollow gold nanosphere with a 3 nm shell to temporally and spatially control cellular delivery of RNAi for gene silencing through a direct endosome release mechanism activated by pulsed laser [79] . RNAi desorption from the HGN, which is known to be initiated by cleavage of the Au-S bond, was monitored through Cyanine 3 (Cy3) fluorescence, which is partially quenched when attached to HGNs and unquenched when not associated [79, 258, 259] . In another study, Wu et al used HGNs as "nanosonicators" to trigger the release of a dye from inside liposomes in a proof of concept study demonstrating near instantaneous release of liposome contents with precise spatial and temporal control in vitro [257] .
NIR light induced NF-B down-regulation through folate receptor targeting HGNs carrying small interfering RNA (siRNA) recognizing the NF-Bp65 subunit over-expressed in HeLa cervical cancer has been demonstrated both in vitro and in vivo [177] . The use of micro-positron emission tomography and electron microscopy were used to confirm significant uptake of bioconjugated HGNs by endocytic vesicles (endosomes and lysosomes) within the tumor [177] . Successful down regulation was attributed to the simultaneous structural deformation of the HGN under NIR light, which was confirmed by UV-vis spectral changes in SPR, and the breakage of the Au S bond, due to heat, which resulted in the release of siRNA to the cytosol [177] . This mechanism has been described previously in photothermal transfection experiments involving DNA and is attributed to hot electron thermalization of the nanoparticle lattice [243, 260, 261] . Fig. 13 shows the percent tumor cell survival for several conditions and a control used in the experiments. It can be seen that cells treated with F-PEG-HAuNSsiRNA + laser had significantly enhanced cell death and that siRNA mediated p65 gene silencing significantly enhanced chemosensitivity of HeLa cells to irinotecan [177] .
Lu et al. also used polyacrylamide gel electrophoresis (PAGE) to evaluate the release of siRNA in to the cytosol for two conditions: cell bound bioconjugated HGNs that had either been treated with NIR light or not [177] . Only negligible amounts of siRNA were released for HGNs that did not receive laser treatment. However, near complete release of siRNA was observed when HGNs were exposed to NIR light [177] . The release of siRNA from HGNs was correlated to significant inhibition of the cellular expression of p65. The distribution and elimination half-lives for thiolated poly (ethylene glycol) HAuNS and PEGylated HAuNS were 1.38, 71.82 h, respectively.
Surface enhanced Raman scattering (SERS) and electromagnetic (EM) field enhancement
Since its discovery in the late seventies SERS, which relies on a roughened noble metal substrate to enhance the sensitivity of Raman detection, has become a powerful tool in the early identification and diagnosis of disease [262] [263] [264] [265] [266] [267] [268] [269] [270] [271] [272] . The highly localized EM field of the metal, due to SPR, is known to enhance the Raman signal by 5-10 orders of magnitude [273] [274] [275] [276] . Aggregation of metal nanoparticles can also be employed to produce significant SERS enhancement through the generation of hot spots which result from EM coupling between particles in near field proximity to one another [56, 64, 182, 198, 277, 278] .
The most common substrate used in SERS applications is Ag [212, 273, [279] [280] [281] . However, Ag is considered unstable, degrades in vivo and is typically synthesized with cetrimonium bromide (CTAB), which is considered cytotoxic [282] [283] [284] . Additionally, it has been demonstrated that the peak intensity ratios of the Raman signal change significantly when silver aggregates are used leading to inconsistent results and poor reproducibility [276, [285] [286] [287] .
It has been reported that HGNs show improved SERS activity when compared to Ag aggregates [287, 290, 291] . When Schwartzberg et al. compared HGNs to silver aggregates, the Rayleigh scattering intensity of HGNs showed nearly a 10-fold improvement over Ag [290] . Fig. 14 shows the SERS intensity spectra for both HGNs and Ag aggregates bound to the Raman reporter molecule 4-mercaptobenzoic acid (MBA). There is significant signal enhancement for the HGNs. Furthermore, all the peak intensity ratios for the HGNs fall within 0.9 and 1.1 [290] . This represents a statistical distribution of 5%. In contrast, the Ag NPs exhibit a 45% statistical distribution (0.5-1.7) with respect to consistency. This inconsistency is due to the randomness of aggregation which, depending on size and shape, will produce variation in the EM field associated with the ensemble [64, 65, [288] [289] [290] .
Lee et al. also found that antibody conjugated HGNs targeting the HER2 breast cancer marker over-expressed in MCF7 cells had much better homogeneous scattering properties with more consistent intensity ratios than bioconjugated Ag aggregates targeting the same cells [287] . For HGNs the intensity ratios ranged from 0.8 to 1.4 compared to 0.9 to 3.1 for Ag. Both Schwartzberg and Lee attribute the enhancement of the Raman signal and consistency of intensity ratios to the uniform structure and narrow plasmon dispersity of HGNs [287, 290] .
Plasmon coupling in aggregates for SERS
In order to optimize HGN use in SERS based applications it is critical to understand the effect of their structure, size, and aggregation on EM field enhancement. In general, aggregation intensifies the second harmonic generation of HGNs in contact with one another, effectively combining their collective energy to generate new photons with twice the frequency and half the wavelength [292] [293] [294] [295] . HGN aggregates are also known to exhibit both hybridized plasmon modes, which are the result of surface plasmon interactions with cavity plasmon modes, and collective charge transfer resonances [296] [297] [298] . However, even when not in direct contact with one another there is an intensification of the dipole charge at the interparticle gap of nanoparticle aggregates in near field proximity [8, [299] [300] [301] . For example, Xu et al. observed that the junction between two nanoparticles 1 nm apart exhibited an EM field enhancement of 10 10 compared to an individual particle [302] . The charge transfer between two HGNs in a dimer interacting with an EM field polarized parallel to the interparticle axis is shown in Fig. 15 . It can be seen that the two surfaces in contact with each other are polarized with opposite signs which contributes to the enhancement of charge-transfer between particles [303] . It has been reported that the majority of HGN aggregates are made up of surface necking dimers, which exhibit a longitudinal resonance and an EM field localized along the outer surface of the NPs with smaller contributions from the cavity surface [304] . This energetic distribution is thought to be the result of complex intercavity interactions including the formation of charge transfer plasmon modes [303] . In contrast, HGN dimers having surfacesurface contacts exhibit their highest energy in the conical region of the particle junction [304] . Fig. 16 shows electric field simulations for the interaction of various particle dimers within an aggregated HGN system that were observed by both 2D and 3D electron microscopy [304] . These simulations represent modes of individual dimeric structures and not the aggregate as a whole. The corresponding impact of differences in dimerization on SPR is also shown using UV-vis extinction spectra.
The SPR of HGNs can be red or blue-shifted depending on dimer interactions within aggregates [44, 134, 304, 305] . Dimers that were separated by 1.2 nm have their EM energy polarized at the interparticle axis and between the gap with a red-shifted SPR (55 nm) compared to similarly sized (30 nm core/4 nm shell) isolated HGNs [304] . Both surface necked and peanut shaped dimers also exhibited red-shifted extinction peaks with EM energy concentrated on the outer surfaces. In contrast, point contact (surface-surface) dimers experienced blue-shifted absorption spectra.
Chandra et al. used thiol mediated aggregation to study the experimental impact of aspect ratio (3.5-11.7) on the plasmonic response of HGNs [303] . Aggregation initiated with ethanedithiol produced contact dimers with substantially blue-shifted SPR, while those treated with cysteine produced large extended structures of spatially separated dimers having interparticle gaps ≥1 nm and red-shifted SPR. While the authors found no direct correlation between aspect ratio and plasmonic response, they observed a trend correlating shell thickness and SPR shift.
As shell thickness decreased for contact dimers generated by ethanedithiol, the change in absorption shifted to shorter wavelengths [303] . This blue-shift is believed to be the result of delocalized electrons confined within the cluster and the interactions of antibonding or higher energy HGN modes [307] . However, for contact dimers with shells ≥7 nm, no significant spectral shift was reported [303] . In comparison all cysteine induced aggregates with interparticle gaps ≥1 nm showed red-shifted absorption regardless of shell thickness. The red-shifted SPR is attributed to the generation of symmetric coupling of the bonding modes between the surface SPR and the inner cavity plasmon modes which lowers the energy of the symmetric modes of the dimer [301, 308] .
Xie et al. reported that HGNs with thicker shells, which have enhanced scattering cross-sections, generated greater SERS intensity whether they were on resonance or aggregated [44] . This is because thicker shelled HGNs are known to bear the majority of their EM field concentration at the conical region of the particle interface while thinner shelled HGNs have significant energy centered at their cavity walls [303] .
First hyperpolarizabilities (ˇ)
Raman scattering results from the induced dipole oscillations in a material as it interacts with an applied EM field. The greater the propensity of a molecule to generate a dipole, the more intense the plasmonic oscillations will be and the larger the signal enhancement [270] . For this reason, evaluating the first hyperpolarizability (ˇ) of a nanostructure is useful sinceˇ, which is a measure of how easily a dipole is induced in a molecule in the presence of an electric field, is correlated with Raman signal intensity [309] .
When HGNs of different sizes were compared to solid Au using two-photon Rayleigh scattering (TPRS) to measure their 1st hyperpolarizabilities (ˇ), it was found that theˇvalues of the HGNs greatly exceeded those of the solid NPs [134, 306] . HGNs with overall diameters of ∼30 and ∼78 nm and shells ∼8 and ∼11 nm hadv alues of 5.4 × 10 5 (×10 −30 esu), 63 × 10 5 (×10 −30 esu) while 20 nm solid Au NPs showed aˇvalue of 2.4 × 10 5 (×10 −30 esu) [306] . This is not surprising sinceˇis known to scale linearly with surface area [309] . For comparison, the first hyperpolarizability of an HGN with ∼80 nm diameter is 3 times that of a solid Au nanoparticle of the same size and ∼1.5 times that of a solid Au nanoparticle with a 30 nm diameter [86, 310] . Another factor contributing to larger HGNˇvalues is the presence of pinholes, which are known to generate hot spots, particularly when the pinhole axis is perpendicular (or near perpendicular) to the applied polarized light [290, 311] . Fig. 17 shows the finite difference time domain (FDTD) simulated EM fields generated by an HGN with and without a single 3 nm pinhole [306] . It can be seen that the electric field is amplified around the pinhole. This enhancement was not observed for 30 nm solid gold nanoparticles used as a control in the experiment. The concentration and intensification of the oscillating EM field found in HGNs is attributed to an increase in surface to volume and charge to volume ratios found at both the inner and outer cavity dielectric surfaces [82, 304, 306] .
SERS immunoassays
SERS based immunoassays utilizing noble metal substrates are rapidly becoming the preferred choice for detection of biological markers [73, 119, 128, 160, [312] [313] [314] . They are considered to have many advantages over traditional enzyme linked immunosorbent assays (ELISAS) which are considered tedious, time consuming, and rely on the use of toxic and unstable fluorescent dyes and quantum dots (QDs) [282, [315] [316] [317] . It is known that SERS has equal or in some cases a greater enhancement of Raman signal when compared to fluorescent markers and that SERS metal substrates produce spectral line widths which are 10-100 times narrower compared to fluorescence [64, 318, 319] . This means the technique can be used where high selectivity and multiplexing (targeting two analytes at once) is called for since the resolution between peaks will be well defined [320] [321] [322] [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] . In addition, the short Raman scattering lifetime prevents photobleaching and quenching [312, 323, 324] .
Solution based immunoassays overcome the slow diffusion kinetics and poor limit of detection (LOD) associated with conventional assays [73, 319, 320] . For example, the lung cancer carcinoembryonic antigen (CEA) was targeted using HGNs as a probe [325] . Magnetic beads were employed as a solution based support substrate to form a sandwich immunocomplex. The authors enhanced the sensitivity of detection of CEA by a factor of 100-1000 compared to a conventional enzyme-linked immunoassay [325] . The high sensitivity is attributed to the intensification of the EM field by pinhole generation of hot spots and the large scattering cross-section of the HGNs [82, 290] .
In an extension of this work, Chon et al. reported the simultaneous detection of CEA and˛-fetoprotein (AFP), both overexpressed in many cancers, with one excitation wavelength of light [326] . Again, HGNs were used as a probe along with monoclonal antibody-conjugated magnetic as the solution based substrate to generate a sandwich type immunocomplex between the HGNs, CEA, and AFP. Fig. 18 shows the SERS spectra associated with the detection of both cancer markers at varying molar ratios. This multiplexing assay showed great sensitivity in detecting both markers in blood serum with the LOD for CEA being 5 ng/ml and that of AFP being 20 ng/ml [326] . The enhanced LOD is due to the presence of surface pinholes generating hot spots and plasmon coupling between both the inner and outer cavity and EM coupling between neighboring particles in the near field [297, 298, 302] . 
SERS nanotags
A novel tracer, glucose oxidase (GOD)-functionalized HGNs encapsulating GOD (Au shell @GOD) has been reported by Song et al. [298] . This tracer was designed to label the ferrocenmonocarboxylic-grafted secondary antibodies (Ab 2 @Fc) of tumor markers using carboxyl group functionalized multi-wall carbon nanotubes (MWCN) as a platform. The electrocatalytic activity of the GOD-Au shell @GOD-Ab 2 @Fc bioconjugated was tested against three sets of bio-recognition using chronoamperometry and was found to show the greatest current shift [298] . The ferrocene mediated electron transfer between GOD and the electrode surface along with high concentrations of GOD particles associated with the surface and cavity of the HGNs lead to enhanced signal amplification and enhanced detection along with the increased charge transport ability of the multi-walled carbon nanotubes (MWCN) [298] .
It is known that depth of tissue penetration increases at longer wavelengths due to increased scattering and reaches a maximum at ∼1300 nm [327] [328] [329] [330] [331] . For this reason, it is necessary to develop red-shifted tags capable of reaching deep tissue in order to optimize diagnosis and treatment of disease. When Kobat et al. compared two excitation wavelengths (775 and 1280 nm) using two photon fluorescence microscopy (TPM) to label and image mouse blood vessels in vivo and ex vivo, the authors found that high contrast images obtained by using 1280 nm excitation had the twice the depth penetration as those obtained at 775 nm [332] . Recently, Bedics et al. developed an extreme red-shifted SERS nanotag comprised of chalcogenopyrylium dyes containing phenyl 2-thienyl and 2-selenophenyl substituents (with absorption wavelengths of 1064 nm) on the surface of HGNs (SPR = 720 nm) for use with 1280 nm laser excitation [333] . The limit of detection was found to be in the picomolar range for all 14 dyes used in the study and sensitivity of detection was attributed in part to the enhanced EM field associated with the HGNs.
Imaging
Non-invasive biological imaging has been used for decades to accurately visualize structures in vivo and to diagnose and help treat disease [67, 96, [334] [335] [336] [337] [338] [339] . Common techniques include near infrared fluorescence (NIRF), positron emission tomography (PET), optical acoustic tomography (OAT), photo acoustic tomography (PAT), and magnetic resonance imaging (MRI) [338, [340] [341] [342] [343] . Typically QDs, fluorescent dyes and iodinated agents are used as contrast agents and some methods call for the use of radioactive isotopes [343] [344] [345] [346] [347] [348] [349] . Unfortunately, each of these agents has its own drawbacks when used in biological applications.
As discussed above, QDs and dyes have issues related to biological incompatibility and lack of stability to photodegradation [342, 350, 351] . Additionally, QDs have been shown to remain in major organs for months after injection producing immunogenic reactions in vivo [352] [353] [354] [355] . Iodinated agents are also less than ideal because of their biological toxicity and short circulation time in vivo [356] [357] [358] . For example, Kim et al. reported that when Ultravist, an iodine based contrast agent, was used in a rat model the circulation time was less than 10 min compared to that of 30 nm spherical Au nanoparticles which circulated in vivo for over 4 h [356] .
Gold nanostructures are often used to overcome the limitations found with standard contrast agents [359] [360] [361] [362] . In addition to their biocompatibility, Au nanoparticles have longer in vivo circulation times during the imaging process and in some cases faster elimination time post-procedure [356, [363] [364] [365] . Additionally, since the atomic number of Au is higher than that of iodine, Au nanostructures have higher absorption efficiencies which means that in vivo contrast will be enhanced [35, 356, 364, 366] .
HGNs are a natural extension of Au nanoparticles used in imaging. As noble metal structures, they have enhanced EM field strength because of their plasmon resonance, and surfaces can be easily functionalized to target biomolecules. They are also resistant to photobleaching and have molar extinction coefficients (ε) that are larger than those of dyes and QDS [35, 38, 177, 367] . For instance, Lu et al. recently reported that a 40 nm HGN with a 2-3 nm shell and an SPR of 800 nm has a molar absorption coefficient of 1.4 × 10 11 M −1 cm −1 [177] . In comparison, fluorophores have ε in the range of 5.0 × 10 3 to 2.0 × 10 5 M −1 cm −1 and QDs have molar absorption coefficients ∼1 × 10 5 M −1 cm −1 making both far less effective as contrasting agents [261, 368, 369] .
Photoacoustic imaging is a hybridized technique combining non-ionizing radiation and ultrasonic detection [292, [370] [371] [372] . The photoacoustic signal is considered inherently weak due to the low intrinsic absorption of oxyhemoglobin and deoxyhemoglobin in the NIR [177, [373] [374] [375] . However, high spatial resolution and enhanced sensitivity were found to accompany the use of HAuNS in the PAT experiment reported by Lu et al. [177] . In this work, the authors conjugated thiolated PEG to the surface of NIR absorbing HAuNS and used them to image living mouse brain vascular [177] . One half of the mice subjects were injected with PEG-HAuNs and the other half with saline. The researchers were able to visualize brain blood vessels as small as ∼100 m for up to 2-h post-injection in the mice that had been treated with PEG-HAuNS at concentrations as low as ∼20 pM [177] . Furthermore when the researchers compared the photoacoustic brightness of HGNs to other common imaging agents, it can be seen in Fig. 19 that the use of HGNs produced significant optical enhancement.
In another recent report, HGNs were used as a contrast agent to identify the primo vascular system (PVS) in a rat model [376] . Previously, visualization of the PVS, particularly the IL subtype (one of six in the PVS) has been challenging due to the small pore size (20-50 m) . In this work, the authors compared two types of HGNs: 50-70 nm (SPR 675 nm) and 111-125 nm (SPR 800 nm) to Alcian blue dye [376] . The HGNs appeared either turquoise or green in order to provide good contrast to the red of hemoglobin. Rats injected with both types of HGNs showed a 95% success rate in the visualization of the PVS within 10 min [376] . In contrast, rats injected with Alcian blue dye showed only a 20% visualization success rate and the time period for visualization, when successful, was much longer. As a result of being able to visualize the system, researchers were able to harvest stem cells from the IL-PV using acupuncture needles in 18/19 rat models. Fig. 20 shows images of the PVS visualized after HGNs were used as contrast agents. 
Concluding remarks
Over the last decade, significant advancements have been made in understanding how the plasmonic response of HGNs can be tuned through synthesis to produce particles that are useful for a wide variety of applications including bio-diagnostics, bio-delivery and photothermal therapies. The study of plasmon coupling, collective charge transfer, and the EM enhancement associated with aggregation, pinhole generation, surface morphology, size, and aspect ratio have demonstrated that HGNs exhibit a number of interesting and useful plasmonic properties. However, many outstanding issues remain to be addressed including gaining a better understanding of the intricate interaction between HGNs and cells as well as bio-accumulation and bio-clearance in vivo. While there has been some progress made in determining the ideal size and aspect ratio for optimal photothermal energy conversion, further research is clearly needed for a more complete understanding and full optimization. It would also be interesting to be able to determine the local temperature on the HGN surface, which is important for understanding the mechanism of cell death in photothermal therapies.
